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Abstract

Nitrile hydratase, the enzyme involved in microbial nitrile assimilation, comprises either one non-heme low-spin iron(III) or a
non-corrinoid cobalt(III) center at the active site. Two carboxamido nitrogens, one cysteine-sulfur, and two sulfurs from a
cysteine-sulfenic (Cys-SO) and a cysteine-sulfinic (Cys-SO2) acid moiety respectively constitute the donor set around the metal
center of this hydrolytic enzyme. Binding of one molecule of NO at the sixth site of the iron(III) center modulates the activity of
the enzyme. It is suggested that a metal-bound hydroxide could be involved in the hydration of nitriles. Attack of water (or
hydroxide) on a metal-bound nitrile is another possibility. During the past few years, modeling work by several groups have
provided a great deal of insight into the structure and function of nitrile hydratase. Structural and spectroscopic studies on
iron(III) and cobalt(III) complexes of various designed S,N-containing ligands have shown that the unusual coordination structure
of the M(III) site (a) raises its potential and shuts off any redox activity, (b) allows binding of NO at the sixth site and oxidative
modification of the bound S donors, and (c) brings the pKa of metal-bound water close to 7. Attempts to synthesize catalytically
active model complexes have met with limited success. This review includes the results and implications of the modeling studies
reported so far. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Nitrile hydratase; Structural and functional models; Hydration studies

1. Introduction

The enzyme nitrile hydratase (NHase) is a key player
in the process of assimilation of nitriles by microorgan-
isms via hydration to amides [1–9]. Interest in this
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enzyme has grown since its successful application in
industrial production of amides. During the past ten
years, a considerable amount of research effort has
been directed toward studying smaller model complexes
that mimic the active site(s) of NHase. The goal of such
pursuit is to establish the role of the non-heme iron(III)
(or non-corrinoid cobalt(III)) center of NHase in the
process of hydration of organic nitriles (RCN) in the
biosphere. It is also expected that selected model com-
plexes could serve as synthetic catalysts in the produc-
tion of amides. This review highlights the results of the
investigations with model complexes reported so far.
Brief discussions on nitriles in the environment and the
enzyme have been included as the background of the
review.

2. Background

2.1. Organic nitriles in the en�ironment

Nitrile-containing compounds (RCN) are essential
components in the metabolic cycle of higher plants and
many soil microorganisms [1,2]. In plants, they have a
widespread occurrence across several phyla where they
serve as: (1) growth hormones during plant germina-
tion, (2) natural products of plant metabolites, and (3)
constituents of a chemical defense system that guard
plants from herbivores [10–12]. 3-Indoleacetonitrile
and its derivatives (structure (i)) are abundant in plants.
These compounds play a fundamental role in plant
growth during the process of germination and in plant
phototropism. Another family of organic nitriles in
plants is the cyanoglycosides (structure (ii)) [12]. These
nitriles release cyanide under mild conditions. The
plants use them as chemical protective agents against
casual herbivores.

To date, over 2000 species of plants have been iden-
tified to be cyanogenic by having cyanoglycosides in
their roots, seeds or leaves. Plants also contain cyanoal-
kaloids, cyanolipids (structure (iii)), and other small
molecular weight nitrile-containing natural products
(an example is structure (iv)) that have other hitherto
unknown functions [13,14]. Most plants release organic

nitriles as a major portion of their root exudates [15].
This process has resulted in the evolution of microor-
ganisms that assimilate nitriles from the rhizosphere
and use them as their only source of carbon and
nitrogen [2]. Most of these microorganisms utilize hy-
drolytic enzymes to hydrolyze the nitrile group of the
plants exudates and obtain the corresponding car-
boxylic acid and ammonia products which they use as
metabolites to make the essential elements of their
biomass (DNA, RNA, and protein constituents). Mi-
crobes that assimilate organic nitriles from the environ-
ment belong to two Eubacterial phyla: the Purple
bacteria and Gram-positive bacteria. It is interesting to
note that these phyla share a common evolutionary
origin as it was determined by a phylogeny study based
on sequence comparisons of 16 S rRNA. This suggested
that microorganisms that assimilate nitriles from the
environment may have evolved from a common ances-
tor several million years ago and also advocates for a
primeval presence of nitriles in the early environment of
earth.

Organic nitriles are also produced in megaton scales
for the manufacture of plastics, fibers, pesticides,
reagents for water treatment, and other fine chemicals.
Several nitriles of anthropogenic origin are, however,
toxic and exhibit carcinogenic and teratogenic proper-
ties [16,17]. Acrylonitrile [18–20] and pesticides like
bromoxynil [21,22] are now considered as threats to the
environment. The industries also generate enormous
quantities of nitrile-containing chemical wastes that are
often difficult to dispose of. Most of the time, the
nitriles are present in dilute aqueous solutions which
cannot be incinerated. Presently, industrial wastes with
toxic nitriles are either disposed at sea or pumped into
deep pressure wells below the water table [23].

2.2. Enzymes in�ol�ed in nitrile assimilation

Microbial enzymes that catalyze the hydrolysis of
organic nitriles are divided into two main classes: the
nitrilases and the nitrile hydratases. The nitrilases hy-
drolyze organic nitriles in one step to the corresponding
carboxylic acid and ammonia products and they do not
use metal cofactors for catalysis. On the other hand, the
nitrile hydratases hydrolyze organic nitriles to the cor-
responding amide product [4–9]. Participation of other
enzymes such as amidases completes the hydrolysis of
the terminal amide to the corresponding acid and am-
monia products (Scheme 1). Hereafter, the review will
focus on NHase and more specifically on the models of
NHases.

NHases contain either a non-heme iron(III) center or
a non-corrinoid cobalt(III) center at their active site
depending on the organisms and are subdivided into
two classes: (1) the iron-containing NHases (Fe–
NHases) [24–33]; and (2) the cobalt-containing NHases
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Scheme 1.

of one subset of the Fe–NHases, namely Rhodococcus
N-774 [30], N-771 [31], and Bre�ibacterium R-312 [27] is
photoregulated in vivo by nitric oxide (NO) via a
reaction that involves reversible binding of NO at the
Fe(III) site. Binding of NO in dark results in deactiva-
tion of the enzyme, a process that is reversed by loss of
NO upon illumination [3,53–56]. This phenomenon is
not observed with Co–NHases. The Fe–NHases are
also inactivated by N3

−, CN−, and by metal ions like
Hg2+ and Ag+ [29].

The first structure of a NHase was determined by
Nelson and coworkers in 1997 [57]. This group reported
the structure of the Fe–NHase from Bre�ibacterium
R312 (tetrameric �2�2) at 2.66 A� resolution. The �
subunit of this NHase consists of a long N-terminal
arm and a rich �-helix region and it ends with an
unprecedented fold at the C-terminal domain. The �
subunit also contains a long N-terminal extension and
it interacts strongly with the � subunit. A large subunit
interface area of 3800 A� 2 and the tight contact suggest
that a strong interaction between the two subunits is
essential for the function of the enzyme. In a second
crystallographic study, Endo and coworkers have deter-
mined the structure of the NO-inactivated Fe–NHase
from Rhodococcus sp. N-771 at 1.7 A� resolution [58].
Since the two NHases are homologous by the sequence,
the two structures are very similar. However, the latter
structure is more precise and hence it offers additional
structural information regarding the metal binding do-
main of NHase that was not revealed in the structure
reported by Nelson and coworkers.

In both structures, the iron(III) center is located in a
cleft situated at the interface of the two subunits of the
�� heterodimer. The coordination structure of this ac-
tive site is quite unusual. The low resolution structure
shows that the iron(III) center is ligated to two deproto-
nated carboxamido nitrogens from the �Cys113-
�Ser114 peptide backbone and three sulfur thiolates
from the �Cys110, �Cys113, and �Cys115 amino acid
residues [57]. The high resolution structure by Endo
and coworkers [58] further reveals that two of the

(Co–NHases) [34–36]. The enzyme generally consists
of � and � subunits and exists as �� 46 kDa het-
erodimers or (��)2 92 kDa tetramers. Several groups
have reported that NHase functions as an �� het-
erodimer (with one metal center) and that its fragmen-
tation into individual subunits inactivates the enzyme.
Since NHases exhibit significant protein sequence ho-
mology, especially at their metal binding domain in the
� subunit where a highly conserved -C-S-L-C-S-C- mo-
tif is noted, it is believed that all NHases possibly have
the same structure and similar mechanism of catalysis.
The relatively more robust Co–NHases have wider
substrate specificity. In recent years, NHases from sev-
eral organisms (and related mutants) have been em-
ployed as biocatalysts in industrial production of
acrylamide in kiloton quantities [3–7,37,38] and in
enantioselective syntheses of other fine chemicals with
amide groups [39–45]. NHases have also been used in
environmental remediation of nitriles [46–49].

2.3. Properties and structures of Fe–NHases

The Fe–NHases are readily characterized by their
grayish green colors. They exhibit an electronic absorp-
tion spectrum with bands in the visible region at 700
and 420 nm, which arise from the iron center in these
enzymes (Fig. 1). These enzymes also exhibit a rhombic
electron paramagnetic resonance (EPR) spectrum with
g-values at 2.28, 2.14, 1.97 which is characteristic of a
low-spin (S=1/2) iron(III) center (Fig. 1) [50]. Unlike
other non-heme iron centers in biology [51,52] the
iron(III) center of the NHase does not participate in
redox reaction(s) and acts as a Lewis acid. The activity

Fig. 1. (a) Electronic absorption spectrum and (b) EPR spectrum of Fe–NHase from Bre�ibacterium R312.
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Fig. 2. Structure of the NO-bound iron site of Rhodococcus sp. N-771
NHase.

Fe–NHase from Bre�ibacterium sp. R312, indicate the
presence of a six-coordinate FeS3E3 (E=N and or O)
chromophore at the active site [63]. Broadening of the
EPR signals of the Fe–NHase from Bre�ibacterium sp.
R312 upon addition of H2

17O suggests the presence of
an exchangeable water molecule at the apical site of the
iron(III) center of NHase [50]. More recently, pulsed
electron nuclear double resonance (ENDOR) data have
indicated that the ligand bound to the iron(III) center
in NHase could be hydroxide (OH−) [64].

2.4. Properties and structures of Co–NHases

The Co–NHases belong to a small group of cobalt-
dependant enzymes in nature [65]. They are also the
first examples of enzymes that incorporate a non-corri-
noid cobalt(III) center in their structure(s). Although
there is no report on the structure of a Co–NHase so
far, results of X-ray absorption studies [66] and identi-
cal sequence homology at the metal binding region
between the two types of enzymes (Fe– and Co–
NHase) strongly suggest that the structure of the active
site of Co–NHase is very similar to that of the Fe–
NHase.

2.5. Mechanism(s) of nitrile hydration by NHases

The mechanism of catalysis by NHases remains unre-
solved at this time. Nelson and coworkers have sug-
gested three plausible mechanisms of catalysis which
are shown in Fig. 3 [57]. In the first postulated mecha-
nism (Fig. 3a), the nitrile substrate displaces a hydrox-
ide ligand from the coordination sphere of the M(III)
center and the metal-bound nitrile undergoes hydrolysis
by a water molecule. The reaction generates a metal-

cysteine sulfurs bound on the basal plane of the
iron(III) center are post-translationally modified to the
sulfinic (�Cys112-SO2) and sulfenic (�Cys114-SO)
groups [59] and that a molecule of NO is coordinated at
the solvent exposed site of the metal center (Fig. 2). The
modified cysteine residues have also been observed in
the mass spectra of the tryptic digest of purified NO-in-
activated Fe–NHase [60].

The donor set of the iron(III) site of the Fe–NHases
namely, carboxamido N and sulfe(i)nato RSOx (x=1,
2) groups is unprecedented. Coordination of deproto-
nated carboxamido N has only been discovered recently
in the nitrogenase P cluster [61] while ligation of
modified cysteine (�Cys-SOx) residues to metal is yet to
be discovered in a metalloenzyme. The effect(s) of the
modified Cys-S centers on the overall properties of the
iron(III) site is therefore an open question in the chem-
istry of the NHase at this time. In addition, Endo and
coworkers have recently shown that reconstituted
NHase, assembled from recombinant unmodified � and
� subunits under argon, exhibit no NHase activity [62].
However, the protein is readily activated upon exposure
to atmospheric oxygen. It thus appears that post-trans-
lational modification of the Cys-residues is essential for
the catalytic activity.

The presence of a coordinated NO molecule at the
apical site of the iron(III) center of the inactive NO-
bound Rhodococcus sp. N-771 Fe–NHase [58] explains
the mode of inactivation of Fe–NHases by NO. The
active form of Fe–NHase, however, does not contain
NO and raises question regarding the nature of the
sixth ligand at the iron site of the active enzyme.
Although the low-resolution structure of the active
enzyme, reported by Nelson and coworkers [57], failed
to identify the nature of the sixth ligand at the axial site
of the iron(III) center, various spectroscopic studies
have provided clues regarding this ligand. Results of
early X-ray absorption study on the active form of Fig. 3. Possible mechanisms of nitrile hydration by NHase [57].
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bound imminol intermediate that rearranges to the
amide product and then the amide is released. This is
known as the inner-sphere mechanism. The presence of
a molecule of iodoacetonitrile in close proximity of the
iron(III) center noted in crystallographic work by Nel-
son and coworkers provides some support to this
mechanism. There is also precedence for platinum(II)
and rhodium(II) complexes that bind nitriles and cata-
lyze their hydrolysis via an inner-sphere mechanism
[67,68].

The second postulated mechanism (Fig. 3b), known
as the outer-sphere mechanism, involves a nucleophilic
attack of the metal-bound hydroxide on the nitrile
substrate nested at the active site pocket. The reaction
generates a transient imminolate species that is O-
bonded to the metal. This species then rearranges to
amide and is released as product. In the third postu-
lated mechanism (Fig. 3c), the metal-bound hydroxide
causes deprotonation of a free water molecule near the
active site. It is the newly generated hydroxide that
carries out the hydrolysis of the nitrile substrate. The
eventual rearrangement of the hydrolyzed intermediate
leads to the amide product. This mechanism is known
as the second outer-sphere mechanism of catalysis.
Note that in this mechanism, no substitution occurs at
the coordination sphere of the M(III) center.

Since the coordination structures of the M(III) sites
of the Fe– and Co–NHase are assumed to be very
similar or identical, one expects that the two M(III)
sites function in very similar ways. Support for this
argument comes from the kinetic data available for
these enzymes. The Co–NHase from Rhodococcus
rhodochrous sp. J1 and Fe–NHase from Bre�ibac-
terium R312 hydrolyze propionitrile at almost identical
rates under the same reaction conditions (1600 and
1800 mmol min−1, respectively). When one considers
the distinctly different kinetic labilities of low-spin
iron(III) (d5) and cobalt(III) (d6) centers, a similar
reactivity of the two NHases suggests that an outer-
sphere mechanism of catalysis (i.e. one involving no
ligand exchange) is most possibly in operation. How-
ever, there is no evidence that supports this hypothesis
so far.

3. Model complexes and their reactivities

3.1. Required features and synthetic difficulties

The desire to understand the unusual hydrolytic
chemistry of the iron(III) and cobalt(III) sites of the
NHases has prompted efforts to synthesize smaller
model complexes that reproduce both the structure
and function of the active sites of Fe– and Co–
NHases. Such efforts, often dubbed as ‘synthetic ana-
logue approach’ have provided great insights into the

intrinsic properties of the active sites of metallo-
biomolecules [69] and to date, research on analogues
of the Fe– and Co–NHases has similarly afforded
valuable information on the function of the metalloen-
zyme. The following sections highlight the results of
the model studies reported so far.

In principle, good structural and functional models
of NHase should include the following structural and
functional features.
1. The mononuclear iron(III) or cobalt(III) center is

ligated to carboxamido N and thiolato S donor
centers with one or more of the thiolato S in the
sulfenato and/or sulfinato form.

2. The reduction potential of the iron(III) site is high
and hence it does not exhibit redox behavior and
just functions as a Lewis acid.

3. The metal center has an open or solvent-bound
coordination site. When this site is occupied by
water, one expects that the pKa of the bound water
is close to 7. Whether nitriles bind to this site or
not remains to be established.

4. The iron(III) center exhibits reactivity toward NO.
Binding of NO converts the low-spin iron(III) site
to a diamagnetic iron(III)–NO adduct. Upon illu-
mination, the iron center loses NO readily.

If indeed one could synthesize such iron(III) and/or
cobalt(III) model complex(es), then it is reasonable to
expect that studies on the hydrolysis of nitriles with
such species will provide important clues relating to
the mechanism of the hydrolysis by the NHases.

In general, monomeric iron(III) complexes that com-
prise thiolato S and carboxamido N donor centers are
quite scarce [70]. Most reactions with ferric ions and
thiolates either afford S-bridged polymers or undergo
auto-redox reactions that generate thiyl radicals (RS�)
and iron(II) species. These reactions impede the isola-
tion of the iron(III) species [71–73]. Moreover, coordi-
nation of carboxamido N to iron(III) centers was
believed to be ‘improbable’ for a long time [74]. Since
the pH necessary for deprotonation of the carboxa-
mido N is too high for iron(II) and iron(III) to exist in
aqueous solution (both ions precipitate as hydroxides
at pH�3) [75], it had generally been concluded that
ligation of the deprotonated peptide N to iron was
improbable. This paradigm discouraged many research
groups from synthesizing such complexes. The situa-
tion has, however, been changed in recent years fol-
lowing isolation of several iron complexes with
coordinated carboxamido nitrogens [70]. Overall, the
scarcity of good models of NHase stems from the
inherent difficulties one encounters in the synthesis of
iron(III) (and cobalt(III)) complexes with carboxamido
N and thiolato S donors. As described below, the
majority of the NHase models have so far been syn-
thesized with S-containing Schiff-base ligands.
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Fig. 4. Structures of: (a) [FeIII(S�sal:N�(CH2)2
�NH2)2]+ (cation of 1);

(b) [FeIII(ADIT)2]+ (cation of 2); and (c) [FeIII(LN2S)2]+ (cation of 3).

resembles the absorption spectrum of the Fe–NHase in
aqueous buffer.

Nivorozhkin and coworkers have reported a
mononuclear iron(III) complex with the tridentate lig-
and [N,N �-bis(5-mercapto-3-methyl-1-phenylpyrazol-4-
ylmethylene)ethylenediamine] as a spectroscopic model
for the iron(III) site in Fe–NHase [79]. The structure of
this complex, namely [FeIII(LN2S)2](ClO4) (3) reveals
that the iron(III) center has a distorted octahedral
geometry with two thiolato sulfurs, two imine nitro-
gens, and two quinoline ring nitrogens as donors (Fig.
4c). The average Fe�S bond distance in 3 (2.28 A� )
compares well with those reported for the other
iron(III) complexes described above. Complex 3 is also
low-spin (S=1/2) and exhibits a magnetic moment of
1.95 �B. In chloroform glass (77 K), it displays a
rhombic EPR signal with g-values 2.19, 2.13, and 1.98.
The electronic absorption spectrum of this blue–green
complex in chloroform consists of two bands with �max

at 995 and 750 nm.
Mascharak and coworkers have studied the chem-

istry of the iron(III) complexes of two Schiff-base
ligands namely, N-2-mercaptophenyl-2�-pyridyl-
methylenimine (PyASH) and N-2-mercapto-2-methyl-
propyl-2�-pyridylmethylenimine (PyMSH) [80]. The
iron(III) complexes [FeIII(PyAS)2](BPh4) (4) and
[FeIII(PyMS)2](BPh4) (5) have been synthesized by oxi-
dizing the corresponding iron(II) complexes by ferroce-
nium salts [81]. In 4 and 5, the deprotonated ligands are
coordinated in mer fashion with two thiolato sulfurs cis
to each other (Fig. 5). Both complexes are low-spin and
exhibit rhombic EPR spectra (Fig. 6).

It is important to note at this point that six-coordi-
nate iron(III) Schiff-base complexes with NxOy donor
sets like [Fe(N2O)2]+, [Fe(N3O2)L]+ and [Fe(N4O2)]+

are either high-spin (S=5/2) or exhibit spin equilibria
[82,83]. Even the hexadentate Schiff-base ligands with
N4O2 donor set do not afford low-spin (S=1/2)
iron(III) complexes [84]. Thus the O-analogue of triden-
tate Schiff-base ligands like AMITH, ADITH and
PyASH (Fig. 7) give rise to iron(III) complexes of the
type [Fe(N2O)2]+ which are either high-spin or exhibit
spin equilibria.. In contrast, Schiff-base ligands with
N2S donor set like ADITH, AMITH, PyASH and
PyMSH all afford iron(III) bis complexes that are

3.2. Models of Fe–NHases: complexes with thiolato S
and amine/imine N donors

In 1975, Gatehouse and coworkers reported the first
iron(III) complex with a mixed N, S coordination
sphere although it was not reported as a NHase model
[76]. The complex, bis-[N-(2-aminoethyl)thiosalicyli-
deneiminato]iron(III) chloride, [FeIII(S–sal:N(CH2)2-
NH2)2]Cl (1), was synthesized via a metal-initiated tem-
plate reaction in which ethylenediamine and 2-mercap-
tobenzaldehyde were added to iron(III) chloride in
methanol. Complex 1 consists of a six-coordinate
iron(III) center in a distorted octahedral geometry with
two ligated 2-aminoethylsalicylidene-iminato tridentate
units (Fig. 4a) [76]. The average length of the Fe�S
bonds in this complex, 2.21 A� , is significantly shorter
than the sum of the appropriate covalent radii (Fe, 1.34
and S, 1.04 A� ). This suggests that a significant interac-
tion exists between the p and d orbitals of sulfur and
the d orbitals of iron. Both the magnetic moment (2.00
�B) and the rhombic EPR signal with g-values of 2.16,
2.12, 2.00 are consistent with a low-spin (S=1/2) elec-
tronic configuration of the iron(III) center in 1 [77].

Kovacs and coworkers synthesized a similar iron(III)
complex in 1995 and introduced it as a model for the
low-spin non-heme iron(III) site in Fe–NHase [78].
This group followed the same in situ condensation on a
metal template developed by Gatehouse. However, they
used �-mercaptoacetone with ethylenediamine and
iron(III) chloride in basic methanol and isolated bis(6-
amino-2,3-dimethyl-4-azahex-3-ene-2-thiolato)iron(III)
chloride, [FeIII(ADIT)2]Cl, (2). The iron(III) center in
[FeIII(ADIT)2]+ contains two thiolato sulfurs, two im-
mino nitrogens, and two amine (NH2) nitrogens in the
first coordination sphere (Fig. 4b). The average Fe�S
bond distance in 2 is 2.20 A� and is significantly shorter
than that reported for Fe–NHase (2.32 A� ) [57,58]. This
difference could be due to the small bite of the ligand.
Complex 2 comprises an iron(III) center which is low-
spin (S=1/2) at all temperatures as indicated by its
magnetic moment (1.85 �B) and its EPR spectrum in
methanol glass (g=2.19, 2.13, 2.01). The electronic
absorption spectrum of this complex in acetonitrile
(two bands with maxima, �max, at 718 and 438 nm)

Fig. 5. Structures of: (a) [FeIII(PyAS)2]+ (cation of 4) and (b)
[FeIII(PyMS)2]+ (cation of 5).
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Fig. 6. X-band EPR spectrum of [FeIII(PyAS)2]+ in DMF glass at 8
K.

ever, its spectroscopic parameters are very different
from those reported for NHase. For example, 6 exhibits
a solution magnetic moment of 2.4 �B at 77 K which
rises to 3.7 �B at 300 K. Also, the EPR spectrum of
solid 6 at 10 K displays an isotropic signal with g=4.3
corresponding to a typical high-spin Fe(III) (S=5/2)
species. The electronic absorption spectrum of 6 in
acetonitrile consists of two bands in the visible region
with �max at 775 and 651 nm. It is interesting to note
that although 6 contains three thiolato sulfur donors in
the coordination sphere, the iron(III) center remains
high-spin. Wieghardt and coworkers have also reported
the synthesis and properties of the corresponding
iron(III) complex with alkylthiolato groups connected
to the triazacyclononane frame. This Fe(III) complex is
also high-spin at all temperatures and displays one
electronic absorption band at 551 nm.

Recently, in a series of papers, Kovacs and cowork-
ers have reported the synthesis and reactivity of a
coordinatively unsaturated iron(III) complex that com-
prises two thiolato sulfurs, two imine-type nitrogens,
and one amine-type nitrogen in the coordination
sphere. This group synthesized the iron(III) complex
2,3,13,14-tetramethyl-4,8,12-triaza-3,12-pentadeca-di-
ene-2,14-dithiolato iron(III) via ferrocenium oxidation
of the corresponding iron(II) species prepared by in situ
condensation of 3-methyl-3-mercapto-2-butanone and
3,3�-iminobis(propylamine) in presence of Fe(II) chlo-
ride [86]. The structure of the pentacoordinate iron(III)
complex, namely [FeIIIS2

Me2N3(Pr,Pr)]PF6 (7), consists of
an iron(III) center in a distorted trigonal bipyramidal
geometry in which the thiolates are positioned in the
basal plane and the two imine nitrogens are at the axial
positions (Fig. 9a). The average Fe�S distance noted for

Fig. 7. Schiff-base ligands used for nitrile hydratase models.

low-spin at all temperatures. The change in spin
configuration due to replacement of O with S in these
ligands clearly indicates stronger interaction between
thiolato sulfur and iron(III) center. Most of these spe-
cies also exhibit thiolate-to-iron(III) charge transfer
bands in the 550–850 nm range.

The first NHase model that comprises three thiolato
sulfurs in a six-coordinate environment has been re-
ported by Wieghardt and coworkers [85]. This iron(III)
complex is derived from the hexadentate ligand 1,4,7-
tris(4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclono-
nane which provides three thiolato sulfurs and three
amine-type nitrogens as the donor set. To avoid the
auto-redox process known to take place between
iron(III) salts and organic thiolates, this group either
reacted the ligand with [FeIII(acac)3] or with [FeII-
(OAc)2] in methanol and exposed the reaction mixture
to air ‘carefully’ to produce the desired complex (1,4,7-
tris(4 - tert -butyl -2 -mercaptobenzyl) -1,4,7 - triazacyclo-
nonane)iron(III), [FeIII(LN3S3)] (6). The structure of this
complex revealed a six-coordinate pseudo-octahedral
iron(III) center with three amine nitrogens from the
triazacyclononane ring and three thiolato S atoms coor-
dinated in a fac-fashion around the metal center (Fig.
8). In [FeIII(LN3S3)], the average Fe�S distance is 2.28 A�
and compares well with the corresponding distance
reported for the other complexes that have only two
thiolato S donors. Interestingly, the average Fe�Namine

distance in 6 is 2.08 A� and is very close to the
Fe�Namido distance noted for NHase (2.07 A� ). How-

Fig. 8. Structure of [FeIII(LN3S3)] (6).

Fig. 9. Structures of: (a) [FeIIIS2
Me2N3(Pr,Pr)]+ (cation of 7); (b)

[FeIIIS2
Me2N3(Pr,Pr)(N3)]; and (c) [FeIIIS2

Me2N3(Pr,Pr)(NO)]+.
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7 (2.14 A� ) is significantly shorter than the correspond-
ing distance in the other complexes and in NHase. It is
quite possible that the absence of the carboxamido
nitrogens (negatively charged) in the coordination
sphere allows the ligated thiolates to interact more
strongly with the iron(III) center of the complex and
gives rise to short Fe(III)�Sthio distances. This complex
is high-spin at room temperature as evident from its
magnetic moment of 5.0 �B at 300 K. However, the
magnetic moment drops to 2.0 �B below 50 K and the
low temperature EPR spectrum in methanol glass (�
150 K) displays a rhombic signal (g=2.20, 2.15, 2.00).
These results indicate that the low-spin state is signifi-
cantly populated at low temperatures. The electronic
absorption spectrum of [FeIIIS2

Me2N3(Pr,Pr)]+ in
methanol consists of one band with �max at 416 nm
which is quite different from the electronic spectrum of
Fe–NHase (�max at 700 and 420 nm). However, when
[FeIIIS2

Me2N3(Pr,Pr)]+ binds azide (N3
−) in acetonitrile to

form the corresponding azide adduct namely
[FeIIIS2

Me2N3(Pr,Pr)(N3)] (Fig. 9b), the electronic ab-
sorption spectrum becomes very similar to that of the
Fe–NHase. Thus, [FeIIIS2

Me2N3(Pr,Pr)(N3)] has ab-
sorbances with �max at 708 and 460 nm. Also, the azide
adduct is low-spin and exhibits a rhombic EPR signal
in methanol glass (g=2.23, 2.16, 1.99). These spectral
features make the azide adduct a good model of the
azide-inhibited form of the Fe–NHase. The relatively
open S�Fe�N angle (132.3(2)°) in the basal plane of 7
(Fig. 9a) allows binding of azide to the iron(III) center
of 7 and in [FeIIIS2

Me2N3(Pr,Pr)(N3)], azide is trans to a
thiolato sulfur (Fig. 9b). Binding of azide is reversible
and the extent of binding depends both on the temper-
ature and the nature of the solvent. Interestingly, 7 does
not bind nitriles under any conditions.

The five-coordinate complex [FeIIIS2
Me2N3(Pr,Pr)]+

deserves further attention due to its ability to bind one
molecule of NO to generate the corresponding diamag-
netic (S=0) nitrosyl adduct [FeIIIS2

Me2N3(Pr,Pr)(NO)]+

[87]. Structural characterization of this species reveals
that the iron(III) center has a distorted octahedral
geometry in which NO is coordinated trans to a thio-
lato sulfur (Fig. 9c). The X-ray absorption spectrum of
this NO-adduct resembles that of the dark-adapted
(NO-bound) Fe–NHase from Rhodococcus sp. R312
[88]. Also, the NO-adduct [FeIIIS2

Me2N3(Pr,Pr)(NO)]+

displays the IR stretch corresponding to the nitrosyl
group (�NO) at 1822 cm−1 close to the �NO of NO-inac-
tivated enzyme (1853 cm−1) [54,55]. The Fe�N�O moi-
ety in [FeIIIS2

Me2N3(Pr,Pr)(NO)]+ is, however, quite
linear (172.3°). It thus appears that there is greater
backbonding in the Fe�NO unit of this model complex
compared to that in the Fe�NO moiety in the NO-inac-
tivated Fe–NHase where the Fe�N�O angle is 158.6°.
This difference could arise from the absence of sulfenic

(RSO) and/or sulfinic groups (RSO2) at the coordina-
tion sphere of the model complex. Interestingly, expo-
sure of [FeIIIS2

Me2N3(Pr,Pr)(NO)]+ to a strong UV-light
source (Hg lamp) for 6 h results in the loss of NO from
the complex [87]. However, the researchers also ob-
served that the metal complex undergoes irreversible
decomposition.

3.3. Models of Fe–NHases: complexes with thiolato S
and carboxamido N donors

The model complexes described above do not include
carboxamido nitrogens and/or sulfe(i)nato (RSO/
RSO2) moieties in the coordination sphere of the
iron(III) centers. Since these are some essential features
of the metal site in NHases, several groups have under-
taken the task of isolation and characterization of
iron(III) complexes of designed ligands with varying
number of thiolato sulfur and carboxamido nitrogen
donor centers. Studies on such complexes have pro-
vided valuable insight into the role(s) of such coordina-
tion in the overall reactivity of the iron(III) centers in
NHases. A major portion of work in this area has been
completed by Mascharak and coworkers during the
period 1997–2001.

The first model complex with thiolato sulfurs and
carboxamido nitrogens was reported by Mascharak and
coworkers in 1998. Reaction of (Et4N)[FeCl4] with de-
protonated designed ligand PyPepS2− (where PyPep-
SH2=N - 2 - mercaptophenyl - 2� - pyridinecarboxamide,
Hs denote the dissociable peptide and thiol H) in DMF
affords (Et4N)[FeIII(PyPepS)2] (8) in good yield. The
geometry around the iron(III) center in 8 is octahedral
with the two essentially planar tridentate ligand frames
coordinated in mer fashion (Fig. 10a) [89]. Complex 8
exhibits an Fe(III)�Namido distance of 1.954(2) A� which
is very similar to that observed in other iron(III) com-
plexes with coordinated carboxamido nitrogens [70,90–
93]. Coordination of carboxamido nitrogens to iron(III)
in 8 is readily indicated by the shift of �CO to 1612 from
1666 cm−1 in free PyPepSH2 [70]. The iron(III) center
of this model complex is low-spin in the temperature
range 8–300 K and its EPR spectrum (g=2.22, 2.14,
1.98) resembles that of the enzyme very closely. In

Fig. 10. Structures of: (a) [FeIII(PyPepS)2]− (anion of 8) and (b)
[FeIII(PyPepSO2)2]− (anion of 9).
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Fig. 11. Cyclic voltammograms of (Et4N)[FeIII(PyPepS)2] (8) and
[FeIII(PyAS)2](BPh4) (4) in DMF (0.1 M (Et4N)(ClO4), Pt electrode,
50 mV s−1 scan rate). Potentials are shown vs. aqueous saturated
calomel electrode.

sulfurs around the iron(III) site in NHase thus raises
the redox potential of the iron site. The high reduction
potential in turn does not allow the iron(III) site of
NHase to participate in any redox process; rather it
acts as a Lewis acid in the process of hydration of
nitriles.

When H2O2 is added to a cold solution of 8 in DMF,
a deep green solution (�max 690 nm) results from which
Na[FeIII(PyPepSO2)2] (9) has been isolated [95]. Crystal-
lographic studies on [FeIII(PyPepSO2)2]− reveal that the
process of oxidation affords the corresponding sulfinato
complex (Fig. 10b). This model complex from
Mascharak’s group is the first example of a iron(III)
species with both carboxamido nitrogen and S-bonded
sulfinato groups around the metal center. The S�O
distance in 9 (average 1.472(4) A� ) compares well with
the same observed with other known sulfinato species
and the coordinated sulfinato groups display �SO at
1184 cm−1. Complex 9 is low-spin and it dissolves in
water, acetonitrile, and DMF to produce green solu-
tions. The aqueous solution is indefinitely stable and
exhibits an electronic absorption spectrum (�max at 700
and 420 nm) almost identical to that of the Fe–NHase.
This work demonstrates for the first time, that oxida-
tion of iron(III) complexes with coordination sphere
resembling that of the active site of Fe–NHase can be
oxidized to give sulfinato species. Interestingly, at-
tempts to oxidize [FeIII(PyAS)2](BPh4) (4) under similar
conditions only result in decomposition of the iron
complex.

Very recently, Mascharak and coworkers have syn-
thesized the iron(III) complex of the designed pentaden-
tate ligand PyPSH4 (Fig. 12) [96]. Despite coordinative
unsaturation, the model complex (Et4N)[FeIII(PyPS)]
(10) remains mononuclear. In 10, the iron(III) center is
coordinated to two carboxamido nitrogens, two thio-
lato sulfurs and one pyridine ring nitrogen (Fig. 12).
The average Fe�Namido and Fe�Sthio distances are
2.038(2) and 2.312(2) A� , respectively. This blue–green
model complex is particularly notable since it allows
one to examine for the first time, the reactivity of the
iron(III) center toward various molecules including ni-
triles. The iron(III) center in 10 binds to a variety of
ligands (methanol, PhO−, PhS−, py, N-Me-imidazole)
at low temperature and gives rise to green solutions
with a band around 700 nm. Such bindings are re-

addition, 8 exhibits a thiolate-to-iron(III) charge trans-
fer band at 850 nm in water.

The synthesis of the model complex 8 affords some
interesting clues regarding ligation of carboxamido ni-
trogens to iron. First, no reduction of iron(III) takes
place upon mixing of PyPepS2− with iron(III) salts.
Under similar conditions, addition of PyAS− (Fig. 7) to
iron(III) salts causes immediate reduction of iron and
only the iron(II) complex is obtained from the reaction
mixture. It thus appears that ligands like PyPepSH2

that employ carboxamido nitrogens in addition to thio-
lato sulfurs to bind iron prefer iron(III) centers. Indeed,
PyPepSH2 does not react with iron(II) salts at all.
Second important point to note is the stability of 8 in
aqueous medium. Although the complex is synthesized
in DMF, it is quite stable in protic solvents and does
not afford oxo- or hydroxo-bridged dimeric or poly-
meric iron(III) species which are often recognized as
thermodynamically very stable entities in the hydrolytic
chemistry of iron [75]. Finally, formation of 8 as the
only product in the reaction mixture indicates that
thiolate-bridged multinuclear iron complexes are not
very common when the ligands contain additional car-
boxamide groups [70].

The electrochemical properties of 8 provides the most
important clue regarding the role of carboxamido nitro-
gens in the redox behavior of the iron(III) center in
Fe–NHase. In DMF, (Et4N)[FeIII(PyPepS)2] (8) and
[FeIII(PyAS)2](BPh4) (4) exhibit their half-wave poten-
tials (E1/2) at −1.12 and −0.13 V (vs. SCE, saturated
calomel electrode), respectively (Fig. 11). This dramatic
shift of 1 V in E1/2 clearly indicates that the coordina-
tion of negatively charged strong-field carboxamido
nitrogens provide significant stability to the +3 oxida-
tion state of iron in non-heme iron species [70,89,94].
The presence of carboxamido nitrogens and thiolato Fig. 12. Structures of PyPSH4 and [FeIII(PyPS)]− (anion of 10).
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Fig. 13. Structures of: (a) [FeIII(PyP{SO2}2)]− (anion of 11); (b)
[FeIII(N2S2)Cl]2− (anion of 12); and (c) [FeIII(LN2S3O2)]2− (anion of
13).

mercapto-2-methylpropionamide), developed by Hans
and Krüger who synthesized its copper complex [98].
The structure of the iron(III) species, namely,
(Et4N)[FeIII(N2S2)Cl] (12) reveals that the iron(III) cen-
ter exists in a square pyramidal geometry in which two
carboxamido nitrogens and two thiolato sulfurs are
bonded in the basal plane while a chloride ion is
coordinated at the axial position (Fig. 13b). In
[FeIII(N2S2)Cl]−, the average Fe�Namido distance is 1.92
A� which is somewhat shorter than the corresponding
distance in NHase (2.07 A� ). Also, the average Fe�Sthio

distance in 12 (2.19 A� ) is shorter than the correspond-
ing distance in NHase. Despite the fact that the
iron(III) center in [FeIII(N2S2)Cl]− has structural fea-
tures similar to the active site of Fe–NHase, its physi-
cal parameters are very different from those reported
for the enzyme. For example, 12 displays a broad EPR
spectrum in DMF at 10 K with g-values of 5 and 3.5
which is indicative of an intermediate spin state (S=3/
2) for the iron(III) center. Also, the electronic absorp-
tion spectrum of 12 in CH2Cl2 consists of only one
band in the visible region with �max at 500 nm. The red
color of this model complex is distinctly different from
that of the green enzyme (�max at 700 and 420 nm).

In a recent communication, Chottard and coworkers
have reported the synthesis and structure of the second
iron(III) complex that comprises two carboxamido ni-
trogens, two thiolato sulfurs and one O-bonded sulfi-
nato SO2 donor in its coordination sphere [99]. The
iron(III) center in this model complex is ligated to
2-methyl-2-thiomethylmalonylenebis-(2-mercapto-2-
methylpropionamide) forming (Et4N)2[FeIII(LN2S3O2)]
(13), a square pyramidal complex with two carboxa-
mido nitrogens and two thiolato sulfurs in the basal
plane (Fig. 13c). The axial position is occupied by one
oxygen atom of the sulfinato group. In [FeIII-
(LN2S3O2)]2−, the average Fe�Namido and Fe�Sthio dis-
tances are 1.95 and 2.22 A� , respectively. The Fe�SO2

bond distance in 13 (2.00 A� ) compares well with the
corresponding distance in 11 (1.91 A� ). Accidental expo-
sure to air most possibly gives rise to the sulfinato
group in 13 although the researchers have so far been
unable to isolate the tris-thiolato species. It is important
to note that here again, one obtains the O-bonded
sulfinato isomer of the coordinatively unsaturated
iron(III) precursor much like the oxidation of 10 lead-
ing to 11.

Although (Et4N)2[FeIII(LN2S3O2)] (13) is a good struc-
tural model for the active site of Fe–NHase, its spec-
troscopic properties are surprisingly very different from
those of the enzyme. Indeed, the spectroscopic parame-
ters of 13 are more similar to those of 12. For example,
13 exhibits an intermediate spin state (S=3/2) as is
evident from its solid state magnetic moment of 3.8 �B

at all temperatures (3–300 K). This was also supported
by its broad EPR spectrum with g-values centered at

versible and the six-coordinate [FeIII(PyPS)L]n− species
are all low-spin with g-values very close to those of the
Fe–NHase. These results indicate that the iron(III) site
of the functional enzyme is six-coordinate. The pKa of
the water bound at the iron(III) site of 10 has been
determined (at −30 °C) to be 6.3�0.4. It is important
to note that 10 (like 7) does not show any affinity
toward nitriles. It thus appears that at physiological
pH, a metal-bound hydroxide promotes hydration of
nitriles nested at the active site pocket of Fe–NHase
(mechanism 3b or 3c).

Limited exposure of a solution of 10 (in acetone) to
dioxygen results in the formation of a bis-sulfinic spe-
cies. This reaction mimics the post-translational modifi-
cation of the Cys-S center in Fe–NHase. The structure
of the more stable O-bonded sulfinato complex
(Et4N)[FeIII(PyP{SO2}2)] (11, Fig. 13a) has been deter-
mined [96]. It appears that oxidation of coordinatively
unsaturated [FeIII(PyPS)]− (10) gives rise to the O-
bonded sulfinato complex 11 while coordinatively satu-
rated species [FeIII(PyPepS)2]− (8) affords the S-bonded
sulfinato complex 9. This is further supported by the
fact that six-coordinated low-spin cyanide adducts of
the S-bonded and O-bonded sulfinato complexes
namely, Na2[FeIII(PyP{SO2}2)(CN)] and (Et4N)2[FeIII-
(PyP{SO2}2)(CN)] have been isolated by starting from
six- and five-coordinate species, respectively. These low-
spin cyanide adducts afford green solutions in water
and other solvents. The E1/2 values of (Et4N)[FeIII-
(PyPS)] and (Et4N)[FeIII(PyP{SO2}2)] in DMF (−0.65
and −0.36 V vs. SCE) indicate that the iron(III)
centers in these two model complexes are quite stabi-
lized much like the iron(III) site in Fe–NHase (E1/2 in
aqueous buffer= −0.48 V vs. SCE [97]). Comparison
of the structure, properties, and reactivity of
(Et4N)[FeIII(PyPS)] (10) with those of the iron(III) site
of Fe–NHase suggests that 10 is indeed a very good
model of the active site of the Fe–NHase.

Two additional iron(III) complexes with ligands con-
taining carboxamido nitrogen and thiolato sulfur
donors have recently been reported. The first one has
been reported by Artaud et al. in a short review on
nitrile hydratase [97]. These researchers have employed
the previously known ligand N,N �-1,2-phenylenebis-(2-
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Fig. 14. Structures of: (a) PyPepRSH2; (b) [CoIII(PyPepRS)2]− (anion
of 15); and (c) [CoIII(PyPepRSO2)2]− (anion of 17).

Reaction of H2O2 with solutions of 14 or 15 in
methanol at 0 °C readily affords the corresponding
sulfinato complexes Na[CoIII(PyPepSO2)2] (16) and
Na[CoIII(PyPepRSO2)2] (17, Fig. 14c) in high yield
[100]. Similar oxidation is also observed when methano-
lic solutions of 14 and 15 are exposed to oxygen. These
reactions are comparatively slow. However, the process
of oxidation can be accelerated by the addition of
activated charcoal to the reaction mixtures. The clean
conversion of the thiolato sulfurs to the S-bonded
sulfinato groups can be followed by absorption spec-
troscopy and mass spectrometry. The reddish brown
color of the solutions of 14 and 15 arises from a strong
thiolate-to-cobalt(III) charge transfer transition around
500 nm. This band disappears upon oxidation of the
thiolato sulfurs to sulfinic groups.

A functional model of Co–NHase has recently been
reported by Mascharak and coworkers who utilized the
designed ligand PyPSH4 (Fig. 12) in synthesizing a
mononuclear cobalt(III) species with hydroxide as one
of the ligand [101]. Reaction of PyPS4− with
[Co(NH3)5Cl]Cl2 in DMF results in the formation of
the dimeric complex (Et4N)2[CoIII

2 (PyPS)2] (16) in which
each cobalt(III) center attains six coordination by form-
ing one thiolato bridge (Fig. 15a). Further reaction of
16 with (Et4N)(CN) in acetonitrile affords the
monomeric cyanide-adduct (Et4N)2[CoIII(PyPS)(CN)]
(17) in which the cobalt(III) center is bonded to two
carboxamido nitrogens (trans to each other), two thio-
lato sulfurs (cis to each other), one pyridine nitrogen,
and a cyanide (Fig. 15b). This model complex resem-
bles the proposed cyanide-inhibited cobalt(III) site of
Co–NHase in terms of the coordination structure. The
Co�C and C�N distances of the Co�CN unit (1.896(12)
and 1.149(13) A� , respectively) of 17 compare well with
those in other cobalt(III) complexes with cyanide lig-
ands. Both 16 and 17 are diamagnetic and the latter
complex displays its �CN at 2111 cm−1.

Complex 17 is stable when dissolved in acetonitrile or
DMF. However, when it is dissolved in water (pH 7),
CN− is immediately lost and [CoIII(PyPS)(H2O)]− is
formed (reaction b, Scheme 2). This facile replacement
of CN− by water indicates that the enzyme-like coordi-
nation structure of the cobalt(III) center of 17 is not
substitutionally inert. Clearly, the conventional wisdom
of kinetic inertness of low-spin cobalt(III) centers is not

3.75 and 2.01 (DMF glass at 10 K). Furthermore, the
electronic absorption spectrum of 13 in MeCN consists
of only one band with �max at 475 nm. Collectively,
these results suggest that proper disposition of the
carboxamido nitrogens and the thiolato sulfurs (includ-
ing the modified ones) around the iron(III) center is
crucial in determining the overall spectroscopic (and
electronic) parameters of the metal center in the model
complexes. As revealed in the X-ray studies (Fig. 2), the
iron(III) center of a good model complex should be
coordinated to a thiolato sulfur at the axial position
while the carboxamido nitrogens and the modified
sulfe(i)nato groups should be ligated in the basal plane.

3.4. Models of Co–NHases: complexes with thiolato S
and carboxamido N donors

Modeling work in this area began with the assump-
tion that the coordination structures of the active sites
of the Fe–NHase and the Co–NHase are very similar
or identical. Mascharak and coworkers reported the
first set of cobalt(III) complexes of ligands containing
both carboxamido nitrogen and thiolato sulfur donors.
The cobalt(III) complex of the designed ligand
PyPepSH2 namely, (Me4N)[CoIII(PyPepS)2] (14) is
structurally very similar to the corresponding iron(III)
complex 8 (see Fig. 10a) [95]. This octahedral diamag-
netic cobalt(III) complex has two thiolato sulfurs in cis
positions while the two carboxamido nitrogens are
trans to each other. In 14, the avarage Co(III)�Namido

and Co(III)�Sthio bond distances are 1.917(3) and
2.222(3) A� , respectively. A similar cobalt(III) complex
with a ligand with alkyl thiolates PyPepRSH2 (Fig. 14a)
has also been reported by this group [100]. The pres-
ence of gem-dimethyl group next to the thiolate donor
allows isolation of the monomeric bis complex
Na[CoIII(PyPepRS)2] (15, Fig. 14b) in which the coordi-
nation structure around the cobalt(III) center is similar
to that in 14. Both these complexes have been synthe-
sized via reaction of [Co(NH3)5Cl]Cl2 with the deproto-
nated ligands in DMF at 60 °C. The unusual use of a
kinetically inert cobalt(III) starting material in these
syntheses is noteworthy.

Fig. 15. Structures of: (a) [CoIII
2 (PyPS)2]2− (anion of 16) and (b)

[CoIII(PyPS)(CN)]2− (anion of 17).
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Scheme 2.

capto-2-methylpropionamide) namely, (Et4N)[CoIII-
(N2S2)Cl] (18) [103]. This distorted square planar com-
plex with short Co�N and Co�S bonds (1.882 and 2.134
A� , respectively) and triplet (S=1) ground state does not
interact with nitriles, H2O, imidazole or OH−. However,
it binds two CN− or two NO molecules. The IR spectrum
of the dinitrosyl product exhibits two �NO at 1765 and
1820 cm−1. The reactivity of 18 with NO is interesting
although Co–NHases are not known to bind NO.

3.5. Models of Co–NHases: complexes with thiolato S
and amine/imine N donors

Kovacs and coworkers have employed their in situ
condensation technique to synthesize the cobalt(III)
analogue of 7 namely [CoIIIS2

Me2N3(Pr,Pr)]PF6 (19) [104].
This five-coordinate trigonal bipyramidal cobalt(III)
complex (Fig. 16a) is structurally very similar to 7 with
Co�Sthio distance of 2.16(2) A� , which is shorter than that
noted for most cobalt(III) thiolates. Complex 19 is
intermediate spin (S=1) and is reversibly reduced at
E1/2= −0.46 V versus SCE. The cobalt(III) center in 19
binds azide and SCN− quantitatively at room tempera-
ture trans to one of the thiolates but exhibits no affinity
toward NO, nitriles, and butyrate. The structure of the
dark pink azide-adduct [CoIIIS2

Me2N3(Pr,Pr)(N3)] has
been determined (Fig. 16b) [105]. As expected, the
spectroscopic and structural parameters of [CoIIIS2

Me2-
N3(Pr,Pr)(N3)] resemble those of the six-coordinate
cobalt(III) model complex [CoIII(ADIT)2](PF6), (20, Fig.
16c) which has also been synthesized by this group via
oxidation of the cobalt(II) species with ferrocenium salts
[105]. Kinetic studies on azide- and thiocyanate binding
by 19 reveals that the rate of temperature-dependent
reversible binding of these ligands to the cobalt(III)
center of 19 is of the order of 10−1 to 10−2 s−1. Since
these rates are comparable to those observed for the
corresponding iron(III) complexes, it appears that the
unique coordination environment at the active site of
NHases gives rise to lability to both iron(III) and
cobalt(III) centers despite low-spin configuration. This in
turn provides an answer to why a kinetically inert
low-spin cobalt(III) ion could be present at the active site
of NHase and promote catalytic hydration of nitriles at
significant speed [105].

Prolonged exposure to air converts 19 into the square
pyramidal sulfinato/thiolato complex [CoIII(SMe2(SO2)-
N3(Pr,Pr)]PF6 (21) in which only one of the thiolato
sulfur is oxidized (Fig. 17a). Complex 21 is low-spin
and exhibits S�O distance (1.453(2) A� ) comparable to
that noted for 17. Interestingly, 21 does not bind azide
or SCN− to its open site, presumably due to strong
trans-effect of the sulfinate group [104]. Addition of
H2O2 to 21 results in the oxidation of the remaining
thiolate to a sulfenate and the oxygen atom of the
sulfenato group occupies the sixth site on cobalt in

applicable to all cobalt(III) species and exceptions are
found in complexes with specific donor centers (vide
infra). The pKa of the bound water in [CoIII(PyPS)-
(H2O)]− has also been measured by Mascharak and
coworkers [101]. Comparison of this pKa value (8.3) with
that of cobalt(III) complex [CoIII(L)(H2O)]+ (L=very
similar pentacoordinate peptide ligands but with all
nitrogen donors, pKa=7) [102] indicates that the thiolato
sulfurs in [CoIII(PyPS)(H2O)]− raise the pKa of the bound
water. The reactivity of [CoIII(PyPS)(OH)]2−, the species
present in pH 9 buffer is very noteworthy. As shown in
Scheme 2, this species promotes rapid hydration of
acetonitrile to acetamide at room temperature with
multiple turnovers. Since the [CoIII(L)(H2O)]+ complex
does not show such activity at pH 9, it is evident that the
presence of thiolato sulfurs around the cobalt(III) center
is crucial in promoting hydration of nitriles.

To date, [CoIII(PyPS)(H2O)]− (obtained from 17) is the
only functional model of NHase that catalyzes hydration
of nitriles at pH�8. Reaction e in Scheme 2 suggests that
the enzyme-mediated hydration of nitriles could proceed
via intermolecular attack of cobalt-bound hydroxide on
nitriles nested in the active site pocket (mechanism b or
c, Fig. 3). Since [CoIII(PyPS)(H2O)]− does not initiate
hydration at pH 6, the alternative mechanism in which
nitriles first coordinate to cobalt(III) by replacing water
and then get hydrolyzed (mechanism a, Fig. 3) is not
supported.

Artaud and coworkers have reported the cobalt(III)
complex of the ligand N,N �-1,2-phenylenebis-(2-mer-

Fig. 16. Structures of: (a) [CoIIIS2
Me2N3(Pr,Pr)]+ (cation of 19); (b)

[CoIIIS2
Me2N3(Pr,Pr)(N3)]; and (c) [CoIII(ADIT)2]+ (cation of 20).
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Fig. 17. Structures of: (a) [CoIII(SMe2(SO2)N3(Pr,Pr)]+ (cation of 21)
and (b) [CoIII(�2-SO)(SO2)N3(Pr,Pr)]+ (cation of 22).
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[98] J. Hans, H.J. Krüger, Angew. Chem. 35 (1996) 2827.
[99] L. Heinrich, Y. Li, J. Vaissermann, G. Chottard, J.C. Chottard,

Angew. Chem. Int. Ed. Engl. 38 (1999) 3526.
[100] L.A. Tyler, J.C. Noveron, M.M. Olmstead, P.K. Mascharak,

Inorg. Chem. 39 (2000) 357.
[101] J.C. Noveron, M.M. Olmstead, P.K. Mascharak, J. Am. Chem.

Soc. 121 (1999) 3553.
[102] F.A. Chavez, C.V. Nguyen, M.M. Olmstead, P.K. Mascharak,

Inorg. Chem. 35 (1996) 6282.
[103] S. Chatel, M. Rat, S. Dijols, P. Leduc, J.P. Tuchagues, D.

Mansuy, I. Artaud, J. Inorg. Biochem. 80 (2000) 239.
[104] I. Kung, D. Schweitzer, J. Shearer, W.D. Taylor, H.L. Jackson,

S. Lovell, J.A. Kovacs, J. Am. Chem. Soc. 122 (2000) 8299.
[105] J. Shearer, I.Y. Kung, S. Lovell, W. Kaminsky, J.A. Kovacs, J.

Am. Chem. Soc. 123 (2001) 463.


	Structural and functional models of nitrile hydratase
	Introduction
	Background
	Organic nitriles in the environment
	Enzymes involved in nitrile assimilation
	Properties and structures of FeNHases
	Properties and structures of CoNHases
	Mechanism(s) of nitrile hydration by NHases

	Model complexes and their reactivities
	Required features and synthetic difficulties
	Models of FeNHases: complexes with thiolato S and amine/imine N donors
	Models of FeNHases: complexes with thiolato S and carboxamido N donors
	Models of CoNHases: complexes with thiolato S and carboxamido N donors
	Models of CoNHases: complexes with thiolato S and amine/imine N donors

	Conclusions
	Acknowledgements
	References


